Abstract: Heterogeneous catalysis utilizing metal particles plays an essential role in the industrial applications. Design and fabrication of highly active catalysts in an efficient and cost-effective way is thus an important topic. The emergence of nanotechnology provides an excellent opportunity for developing new catalysts. In this critical review, we present our efforts and perspective on the recent advances in engineering nanomaterials for catalysis, including synthesis, stabilization, and catalytic applications of nanoparticles. We first briefly summarize the advanced colloidal synthesis of metal nanoparticles using Ag nanoplates as the model system, and then discuss the strategies for stabilization of metal nanoparticles using both chemical and physical approaches. And finally, for practical applications, we have designed and synthesized a highly efficient, stable, and cost-effective TiO 2 -based photocatalyst by combining both non-metal doping and noble metal decoration.
Introduction
Catalysis, including heterogeneous, homogeneous, and enzymatic catalysis, is vitally important for the development of modern society. Improving the activity of catalysts to produce more molecules per unit area per unit time was the main focus in the 20 th century, while achieving 100 % selectivity in all catalyst-based chemical processes has been the Holy Grail of catalysis science in the 21 st century [1, 2] . Among the three types of catalysis, heterogeneous catalysis has some advantageous features, such as easy separation and long lifetime. This review article will focus on the topic of heterogeneous catalysis.
In a typical heterogeneous catalytic process, the catalytic reaction occurs repeatedly by a sequence of elementary steps, including molecular adsorption, surface diffusion, chemical rearrangement (bond-breaking, bond-forming, molecular rearrangement) of the adsorbed reaction intermediates, and desorption of the products [3] . The reaction can occur only when the reactants have been adsorbed onto the catalyst surface. As a result, the reaction rate of a catalytic process is highly dependent on the total surface area of the solid catalysts. And the local bonding geometries of the catalysts can play a deterministic effect on the selectivity of the specific catalytic reactions. The rise of nanotechnology over the past two decades has opened the door to a revolution in catalysis science [4] . The new technology can not only help improve the understanding of reaction mechanisms in industrial catalysis but also provide new catalysts with high activity as well as high selectivity. It has been widely accepted that a higher catalytic activity could be achieved by increasing the surface area of the specific active phase of the catalyst through the reduction of the size of the corresponding catalytic particles. The fraction of atoms on particle surfaces increases dramatically as the size of a nanoparticle decreases, providing more active sites for catalytic reactions. Additionally, the catalytic selectivity could be improved by using nanocrystals with a specific shape that have specific desirable local bonding geometries [5] .
To date, there are still some challenges remaining. For example, although numerous synthetic mechanisms or hypotheses have been proposed to explain the experimental phenomena in the synthesis of various shaped nanostructures, there is no general understanding that can properly explain all systems. The lack of deep understanding of the synthetic systems also makes it difficult to reproduce many of the reported results with satisfactory yield and quality because some minor unintentional alterations to the reaction conditions may easily disturb nanostructure formation [6, 7] . It is thus highly desirable to discover and clarify the underlying mechanism. In addition, the low stability of metal nanoparticles has been a big challenge for their practical applications. Metal nanoparticles tend to agglomerate and rapidly sinter into larger particles during the catalytic process, mainly due to their large surface area and the high surface energy. This sintering process leads to the reduction of the active sites, and also to the loss of the unique properties of the nanostructured catalysts. One dramatic example of the importance of this issue can be seen with Au catalysts: Au nanoparticles dispersed on high-surface-area supports have been shown to be quite active in many low-temperature reactions, including carbon monoxide and hydrocarbon oxidations [8] , but also to lose their activity over time as they sinter into larger particles.
In this review article, we summarize our recent efforts and present some thoughts on the study of metal nanoparticles for heterogeneous catalysis. First, we introduce some progress in the synthesis of anisotropic nanostructures by using Ag nanoplates, a highly anisotropic structure, as the example. Through a comprehensive study, we revealed the role of each reagent and found that H 2 O 2 played an important role in the synthesis of Ag nanoplates. And this significantly refined understanding allows us to develop an efficient and highly reproducible process for making Ag nanoplates with controllable edge length and thickness as well as desired surface plasmon resonance bands. Second, we address the issue of enhancing the stability of metal nanoparticles through both the chemical and physical approaches. In the chemical approach, a uniform Au layer was deposited onto the Ag nanoplates to enhance its stability against various etchants. In the physical approach, the metal nanoparticle was encapsulated with a porous oxide shell. In the metal-core/oxide-shell structure, the existence of oxide shell can help prevent the physical contact of metal nanoparticles and thus eliminate the possibility of sintering. Since the outer oxide shell is mesoporous, the diffusion of both reagents and products can therefore be achieved. Then, we discuss the unique features afforded by core-shell nanostructures in the creation of desired interfaces between different components. The resulting synergetic interactions may lead to superior catalytic performance. Finally, we conclude with a short summary and our personal perspectives on the directions in which future work in this field might be focused.
Colloidal synthesis of silver nanoplates
Ag nanoplates, also named as nanoprisms or nanodisks, are 2D plasmonic nanostructures that have attracted intensive attention owing to their exceptional plasmonic properties as well as the related applications [9] [10] [11] [12] [13] [14] . Since the seminal report by Mirkin et al. on the photo-induced synthesis of Ag nanoplates in 2001 [15] , numerous colloidal strategies have been reported, including photochemical processes [16] [17] [18] [19] [20] [21] , electrochemical synthesis [22] , ligand-assisted chemical reductions [23] [24] [25] , templating procedures [26] , and sonochemical routes [27] . Due to their isotropic face-centered-cubic (fcc) crystal structure, the formation of Wulff polyhedrons (a truncated octahedron) enclosed by a mix of {100} and {111} facets is thermodynamically more favored than the formation of extremely anisotropic Ag nanoplates [28] [29] [30] . To explain the formation of such highly anisotropic nanostructures, a variety of mechanisms or hypotheses have been proposed. In the early stage of research, the "face-blocking theory" that attributes the formation of anisotropic nanostructures to capping effect is the most popular theory. It is believed that the growth rate of certain facets could be selectively slowed down by introducing a capping agent that can selectively adhere to the particular crystal facet of the growing nanocrystal [9, 10] . Later, it is realized that the crystal symmetry of the starting nuclei also plays an important effect in the formation of anisotropic structure. For materials with isotropic crystal structures, anisotropic growth is usually facilitated by breaking the isotropic symmetry with the formation of twin or other defect planes during the nucleation stage, which is, however, still a great challenge to control during synthesis. Based on crystallographic arguments, it is believed that the final morphology of the nanostructure is determined by the internal crystal structure of the original seed particle because of the limited number and variety of crystal facets available for growth [31] [32] [33] . Xia et al. have recently pointed out the importance of interweaving both crystallographic and surface chemistry arguments in the elucidation of the overall mechanism of nanoplate formation [12, 34] .
Formation of Ag nanoplates promoted by H 2 O 2
Through a systematic study on a typical chemical reduction reaction, we confirmed that the formation of Ag nanoplates could be promoted by the addition of a mild oxidant, H 2 O 2 . In the direct chemical reduction route, Ag nanoplates are obtained by reducing an aqueous solution of AgNO 3 with NaBH 4 in the presence of trisodium citrate (TSC), polyvinyl pyrrolidone (PVP), and H 2 O 2 [35] . In the absence of H 2 O 2 , when PVP or citrate was used as the surfactant, only quasi-spherical Ag nanoparticles could be obtained, as evidenced by the characteristic absorption peak around 400 nm (Fig. 1a) as well as the TEM characterization (Fig. 1b) . When H 2 O 2 is introduced into the system, some anisotropic structures formed, suggested by the appearance of a peak in the longer wavelength range. As shown in Fig. 1a , a sharp peak around 450 nm appeared along with a shoulder at ~400 nm when the concentration of H 2 O 2 is 5 mM. The sharp characteristic peak around 400 nm Adapted with permission from ref. [7] . disappeared as the concentration of H 2 O 2 was increased to 10 mM, implying the disappearance of spherical Ag nanoparticles. The weak shoulder around 380-420 nm could be attributed to the in-plane quadrupole resonance of Ag nanoplates. When the concentration of H 2 O 2 was increased to 20 mM, the quadrupole resonance became more pronounced and the dipole resonance red-shifted to ~600 nm. The product is triangular Ag nanoplates with almost 100 % yield, as shown in Fig. 1d . The thickness of the Ag nanoplates could be varied from ~3 to ~6 nm by varying the concentration of sodium borohydride. The reaction process has been monitored using a UV/vis spectrometer to investigate the detailed formation process of the Ag nanoplates.
As shown in Fig. 1c , only the characteristic peak of spherical Ag nanoparticles (~400 nm) could be observed in the early stage. The peak intensity increased quickly and reached the maximum within 5 s after the beginning of the formation of nanoparticles. The peak intensity at 400 nm then gradually dropped, indicating the consumption of spherical particles, while another peak at ~500 nm emerged and red-shifted to longer wavelengths, suggesting the formation and growth of anisotropic structures. Based on the careful and systematic study, a plausible mechanism for the synthesis of Ag nanoplates has been proposed: Ag nanoparticles were first formed through the reduction of Ag + ions by NaBH 4 . Thanks to the Ag-citrate coordinating interaction and the presence of the powerful etchant, H 2 O 2 , the newly formed Ag nanoparticles contain many defects, including the twinned defects that favor the planar growth into plate shapes. In the previous paper, we have suspected that H 2 O 2 can remove the relatively unstable nanoparticles at this stage, leaving only the most stable ones [7] . Recently, our further research showed that Ag nanoparticles can trigger the decomposition of H 2 O 2 to release active oxygen, which favors the formation of twinned defects.
This improved understanding not only provides us with a highly reproducible synthetic tool but also allows us to study the role of each reagent. For example, contrary to previous reports in which citrate has been considered to be a "magic" component critically required for the formation of Ag nanoplates, our investigation clearly points out, for the first time, that citrate is not an irreplaceable component: it is required to stabilize the formed Ag nanoplate nuclei through preferential binding to the (111) facets but can be completely substituted by many other carboxyl compounds containing two carboxylate groups. We found that PVP is not required for obtaining high-quality Ag nanoplates and the exclusion of PVP could improve the reproducibility of the synthesis. In our further research, H 2 O 2 has been successfully used to improve the yield of traditional seed-mediated growth process, further confirming the key role of H 2 O 2 in the synthesis of Ag nanoplates [36] .
Shape conversion from metallic Ag particles to Ag nanoplates
The standard potential in the peroxide-water couple is dependent on the pH value of the solution [37, 38] . In acidic solutions
And in alkaline solutions
Since the potentials under both acidic solution (E° = 1.763 V) and alkaline solution (E° = 0.867 V) are higher than that of Ag + /Ag (E° = 0.7996 V), H 2 O 2 can be used as an etchant to dissolve metallic Ag and produce Ag + ions. As a result, it can be used to convert large metallic Ag materials to Ag nanoplates, which has not been reported in the literature [24] . Figure 2 shows two examples of the conversion from pre-formed Ag nanowires and nanoparticles to Ag nanoplates, respectively. When H 2 O 2 was added to the pre-formed colloidal nanostructures, the solution gradually became colorless with the appearance of small bubbles due to the decomposition of H 2 O 2 . When NaBH 4 was then added to reduce Ag + back to Ag 0 , the solution gradually became yellow, red, and blue, indicating the formation of Ag nanoplates. The successful conversion has been confirmed by both UV/vis spectra and TEM images (Fig. 2) . From the point of view of synthesis, the use of metallic Ag as the source ensures a higher degree of reproducibility as there is less possibility of introducing disturbance such as the anions of the Ag salt to the reaction.
Recently, Ekgasit and co-workers have found that H 2 O 2 can not only act as an oxidant but also a reducing agent in the conversion of Ag nanoplates [39] . Under alkaline condition
As a result, starch-stabilized Ag nanospheres could be converted to Ag nanoplates by H 2 O 2 without the addition of any other reducing agent. This result, again, confirmed the critical role of H 2 O 2 in the synthesis of Ag nanoplates.
Precise tuning of Ag nanoplates within a wide range
Since the physiochemical properties of nanostructures are highly dependent on their morphologies, it is therefore important to find a way to precisely control the shape and size of nanostructures. We recently reported a two-step procedure for the controlled growth of Ag nanoplates with extremely high aspect ratios and consequently widely tunable plasmonic bands [40] . With the advantages of precise control and high reproducibility, this two-step procedure can conveniently produce nanoplates with high aspect ratios that have not been realized previously by using one-step reactions. Ag nanoplates with size around 20-30 nm were first synthesized based on the previous mentioned method [7, 35] , in which PVP and citrate were used as the surfactants to ensure the high-yield production of plate-like seeds. It is believed that PVP and citrate can selectively bind to the (100) and (111) facets of Ag nanoplates, respectively. The as-prepared small Ag nanoplates were then washed to remove PVP to expose the side facets and served as seeds for further growth. When excess citrate was added, the growth along the vertical axis was blocked, allowing only extensive growth along the lateral axis of the plates (Fig. 3a) . Generally, both self-nucleation process and seed-mediated epitaxial growth can occur in the seeded-growth process. On the basis of the Gibbs-Thomson equation, a slow reaction rate as well as a low concentration of monomer is normally favorable for the seed-mediated epitaxial growth, while a fast reaction rate is favorable for the self-nucleation process [41] [42] [43] [44] . To eliminate the self-nucleation process, the reaction rate was slowed down by using a mild reducing agent, ascorbic acid, and pre-treating Ag ions with citrate ions to form Agcitrate complexes [45] . The as-prepared complex can be reduced by ascorbic acid and release more citrate ions, which can help maintain anisotropic growth without introducing any new ligand.
As shown in Fig. 3b , the original Ag seeds were triangular nanoplates with a mean size around 25 nm. The edge length of the Ag nanoplate can gradually increase to ~130 nm after one cycle of growth (Fig. 3c) . The growth cycle could be repeated many times and the edge length of Ag nanoplates could be readily increased to ~4 μm ( Fig. 3d-g ). An interesting "size distribution focusing" effect has been observed during the process. The initial Ag seeds have a broad size distribution, which become highly uniform after extended growth. The size distribution focusing effect could be attributed to the fact that the smaller nanoparticles grow more rapidly than the larger ones as driven by the higher surface energy. In addition, larger particles have a slower growth rate even when the deposition rates of Ag atoms are the same due to the greater ratio of volume versus size for large particles, meaning more Ag is needed to produce a net edge length increase. Thanks to the effective blocking effect of citrate ions and the formation of Ag-citrate complexes, only small change in the thickness of Ag nanoplates has been observed. As a result, Ag nanoplates with extremely high aspect ratio (edge length/thickness > 400) have been obtained. And the plasmon band has been readily tuned from the visible to the infrared (IR) spectrum by controlling the aspect ratio of the nanoplates. Due to the fact that blood and tissue are most transparent in the region of near-IR (NIR) range, the ability to cover the entire near-IR (NIR) spectrum makes the as-prepared Ag nanoplates ideal candidates for biomedical applications such as photothermal cancer therapy [46] [47] [48] [49] .
Since the complexation can significantly suppress the self-nucleation process, this idea has been further extended to the Au nanoparticle system. A one-step seeded growth has been developed by the Yin group to obtain Au nanoparticles with widely tuned size [43] . To effectively suppress the self-nucleation process, a growth solution was first prepared by mixing HAuCl 4 , KI solution, PVP, and ascorbic acid solution. In this solution, HAuCl 4 is the Au source and ascorbic acid is the reducing agent. KI was used as a strong coordinating ligand to Au ions to decrease the reduction potential of Au salt, eliminating the burst self-nucleation process [42, 50] . At the same time, PVP has been employed as a bi-surfactant to stabilize the atomic Au monomers and further avoid the self-nucleation process [51] . PVP can also serve as the capping agent to prevent inter-particle agglomeration. The as-prepared growth solution can stay stable even at considerably high concentration. Upon injecting small Au nanoparticles as the seeds, the growth process occurs immediately. Through this seeded growth method, monodispersed Au nanoparticles with tunable size from ~10 to ~200 nm could be easily obtained. This new approach shines some light on the effective suppression of self-nucleation regardless of the seed/Au precursor ratio, which might be able to inspire some new ideas in other systems.
Monitoring the shape evolution of Ag nanoplates using a Au marker
One interesting phenomenon we observed in the seeded-growth process is the shape change of Ag nanoplates. As shown in Fig. 3 , at the earlier stage of seeded growth, the corners of Ag nanoplates are extensively rounded so that the plates appear circular in SEM images. As the size increases, sharp corners are developed, then gradually truncated, and finally producing a mixture of triangular and hexagonal nanoplates. The similar shape transition phenomena have also been observed recently [52, 53] . Xia et al. have attributed it to the possibility that a truncated structure might be more thermodynamically stable, but that the growth was kinetically controlled and thus ultimately the plates returned to their original triangular shapes. However, no solid evidence has been provided. Although the crystal structure of the 2D Ag nanoplates and Au nanoplates seems to be simple, many different model crystal structures have been proposed. For example, the 1/3{422} reflections have been observed in the electron diffraction (ED) pattern of Ag nanoplates and Au nanoplates. However, for a perfect fcc structure, the 1/3{422} reflection should be forbidden. Pileni and co-workers have attributed it to parallel stacking faults in the < 111 > direction [54] and further pointed out that these stacking faults should be responsible for the formation of plate structures by providing low-energy reentrant grooves which energetically favor lateral crystal growth. Later, Rocha and Zanchet conducted a careful study by using both high-resolution transmission electron microscopy (HRTEM) and X-ray diffraction (XRD). They pointed out that the internal structure of Ag nanoplates is indeed very complex, containing many twins and stacking faults [55] . They found that local hcp regions, rather than fcc structure, could form due to the existence of the planar defects in the < 111 > direction. The formation of hcp regions could explain the existence of forbidden 2.50 Å fringes that are observed in < 111 > orientated nanoplates. The formation mechanism of the hcp layer has been further elucidated by Kelly et al., and it has been used to explain the evolution of Ag nanoplates [56] . It is ascertained that Ag nanoplates are comprised of two fcc regions of different thicknesses, sandwiching an hcp layer originating from a series of internal stacking faults. In their devised crystal structure model, each nanoplate edge consists of a {111} facet and a {100} facet of different sizes. As a result, there are six edges in a truncated triangular nanoplates, half featuring a larger {111} facet and the other half with a dominant {100} facet. The formation of a triangular structure bonded by {111} dominated edges could be explained by the preferential deposition on the less thermodynamically stable {100} dominated edges.
To further elucidate the seeded-growth process and identify the crystal structure of Ag nanoplates, we designed a "marker" experiment to monitor the shape change of Ag nanoplates during the process [57] . In the experiment, Ag nanoplates were first synthesized based on the direct chemical reduction method [7] , in which PVP was eliminated to avoid any disturbance. A galvanic replacement process was then applied to the Ag nanoplates by using Au cations [58] . As shown in Fig. 4b , the as-prepared seeds are nanoframes. Because the lattice mismatch between Au and Ag is negligible while the difference in atomic number is so significant, Au can be a good candidate for both seeding and serving as the marker to outline the boundaries of the Ag nanoplates.
As shown in Fig. 4c , the nanoframes can serve as seeds for the seeded growth process. A backfilling process was first observed when the seeded growth process started, followed by the normal growth into large nanoplates (Fig. 4d-g ). Mirkin et al. have pointed out that the backfilling process could be attributed to the high-energy facets in the nanoframe interior [58] . The outward growth happened in the same manner as Ag nanoplates: It has a similar shape transition and ultimately returns to a triangular morphology (Fig. 4d-g ). One interesting phenomenon is that there is a preference for deposition on the edges of the nanoframe/nanoplate with little to none occurring at the corners throughout the various stages of outward growth, causing the triangular to circular/hexagonal transition. The shape returns to triangular when more Ag is deposited, resulting in the formation of new corners at the deposition sites (Fig. 4f) . The majority of the obtained product contains an embedded frame pointed 180° relative to the original orientation of the Ag nanoplate (Fig. 4f) . No additional shape change could be observed even when more Ag atoms were deposited to make larger nanoplates (Fig. 4g) . It can be concluded from the observation that the exclusive deposition of Ag atoms on the nanoplate edges, rather than the reaction kinetics, induced the shape transition.
This transition process could be well explained by using Kelly et al.'s crystal structure model, as illustrated in Fig. 4a . The edges of the initial Ag nanoplates are dominated by {100} facets, formed during the rapid reduction process. Because a weaker reducing agent, ascorbic acid, is used for the seeded growth process and the concentration of Ag ions is deliberately low, the thermodynamic consideration becomes more important, leading to selective deposition on {100} dominated sides and causing the observed shape transition to a structure with {111} dominated edges.
Stabilization of metal nanoparticles
The poor chemical and structural stability of nanomaterials has seriously limited their catalytic applications. For example, although Ag nanostructures have attracted much attention due to their exceptional structure-related plasmonic property, the practical applications of such structures have been rarely achieved. It has been reported that the structures and plasmonic properties of Ag nanoparticles are subject to change upon exposing to water [59] , acids [60] , halides [61] , oxidative agents [62] , UV irradiation [63] , and heat [64] . Additionally, due to the large surface area and high surface energy, nanoparticles tend to rapidly grow larger without surface passivation, thus reducing the active surface area for catalysis. This process, often referred to catalysis as sintering, occurs with catalysts both dispersed in solution and immobilized on solid supports [65] .
To enhance the stability of nanoparticles, many methods have been developed, which can be roughly divided into two main categories: the chemical and physical approaches [66] . The chemical approaches rely on substrate effects or on the formation of alloy or hybrid materials [67] . For example, the strong metal-support interaction (SMSI) has been realized for a long time. It has been found that remarkable thermal stability of metal nanoparticles could be achieved when deposited onto certain supports. Inorganic materials with large surface area, such as charcoal, salt, and oxides including SiO 2 , Al 2 O 3 , and TiO 2 , are the most widely used support materials in catalysis [68] [69] [70] [71] [72] . Recently, multiple-oxide supports have been utilized to obtain stable metallic nanocatalysts, by exploring synergistic effects among the different components [73] . For instance, by coating a thin alumina layer on anatase TiO 2 and subsequently depositing Au on the Al 2 O 3 /TiO 2 dual oxide, Dai and co-workers have successfully produced a highly stable catalyst which retains high activity for CO oxidation even after calcination at 773 K [74, 75] . Additionally, forming alloy or hybrid materials can also significantly enhance the stability of metal nanoparticles. One notable example is the enhanced thermal stability of PtSn alloys in the propane dehydrogenation reaction, which operates at high temperature (~550-650 °C) [76, 77] . In another case, to improve the stability and durability of Pt nanocatalysts in proton-exchange-membrane fuel celles (PEMFCs) [78] [79] [80] [81] [82] , some transition metals such as Ni and Co have been alloyed with Pt in order to suppress the growth of Pt nanoparticles [83] [84] [85] [86] [87] [88] .
The physical approach is relatively more straightforward: a physical barrier is used to protect nanoparticles from contacting each other and thus prevent coalescence. Colloidal nanoparticles dispersed in solution are usually stabilized by electrostatic forces or steric stabilizers such as surfactants, ligands, or dendrimers [89] [90] [91] [92] [93] [94] [95] [96] [97] [98] [99] . But those inter-particle forces or ligand binding can be easily perturbed during catalytic processes, thus leading to coagulation and the loss of the high activity associated with the state of colloidal dispersion [100] . Due to their poor thermal stability, although organic polymers have been used to stabilize nanoparticles in solution, they cannot be used when a catalytic reaction is performed at elevated temperatures or in highly oxidizing environments [101] . Recently, the core/shell structure, in which metal nanoparticles are encapsulated within a more stable shell, has attracted much attention due to the enhanced stability [102] [103] [104] [105] [106] [107] [108] [109] .
Stabilizing Ag nanoplates through the Ag@Au core/shell nanostructure
As we mentioned above, the poor chemical and structural stability of Ag nanostructure has been the major concern in their practical applications. The Yin group recently developed a Au coating strategy that can not only enhance the stability of Ag nanoplates but also keep their excellent plasmonic property [50] . It is well known that galvanic replacement would happen when Ag nanoparticles are exposed to Au salt due to the different oxidative potentials. As a result, the key to uniformly depositing a thin layer of Au on the Ag nanoplates is to minimize the galvanic replacement process. Similar to the above-mentioned one-step seeded growth of Au nanoparticles, an aqueous solution containing HAuCl 4 , KI, and PVP was first prepared as a growth solution, which was then slowly added into a mixture containing PVP, diethylamine, ascorbic acid, and Ag nanoplates. In the growth solution, thanks to the complexation between Au ions and I -ions, the reduction potential of Au salt has been significantly decreased to +0.56 V (vs. standard hydrogen electrode, SHE), which is much lower than those for Au ions (E°(Au 3+ ) = +1.52, E°(AuCl 4 − ) = +0.93 V, vs. SHE). The addition of diethylamine can ensure homogeneous Au deposition on the surface of Ag nanoplates, due to the unselectively binding of diethylamine on the surface of Ag nanoplates. Figure 5a shows a typical TEM image of the obtained Ag@Au core/shell nanoplates. Although some nanoplates contain small voids on the surface that are caused by galvanic replacement, the original triangular/hexagonal shapes are well maintained, suggesting that the galvanic replacement has been significantly suppressed. Notably, the plasmonic property has been well maintained, as shown in Fig. 5b . The intensity of the plasmon band of the final Ag@Au core/shell nanoplates is very close to that of the original Ag nanoplates. A slight blue-shift of the plasmonic peak has been observed, which can be attributed to the decrease of the aspect ratio. The core/shell structure has been further confirmed by the high-resolution energy-dispersive X-ray spectroscopy (EDS). Figure 5c shows a typical EDS line scan across the surface of a single nanoplate. Both Ag and Au have been detected in the bulk area of the core/shell nanoplates. About 0.5 nm from the edge of the nanoplates, the atomic percentage of Ag drops to zero and that of Au rises to 100 %, which is consistent with the fact that the edge Au atoms are deposited through reduction of Au cations instead of partial replacement of Ag. Thanks to the protection of Au layer, the Ag@Au core/shell structure shows excellent stability against various etchants. As shown in Fig. 5d-f , the position and the intensity of the in-plane dipole plasmon resonance bands remained essentially unchanged for 4 days or longer when the nanoplates were dispersed in (D) a phosphate buffer solution, (E) a NaCl solution, and (F) a phosphate-buffered saline (PBS) solution, respectively. Although a slight decrease in peak intensity was observed in the concentrated NaCl solution treated case, it could be primarily attributed to the aggregation of the nanoplates in a solution of high ionic strength. The as-obtained core/shell structure shows outstanding stability against H 2 O 2 , a strong oxidant that can easily destroy Ag nanoplates protected by conventional methods (Fig. 3g) . The inset TEM image in Fig. 3g shows the morphology of Ag@Au nanoplates stored in H 2 O 2 for 2 h, which is quite similar to the original Ag nanoplates, further confirming their excellent stability against strong etching agents. The protecting effect can be further proved by the control experiments, in which Ag nanoplates without any protection were quickly etched by H 2 O 2 ( Fig. 3h) , as evidenced by a significant shift in the peak position and a dramatic decrease in the intensity over a relatively short period. The protecting effect from thiols, such as 16-mercaptohexadecanoic acid (MHA), is also very limited. As shown in Fig. 3i , the Ag-MHA nanoplates gradually degraded in the presence of H 2 O 2 .
Stabilizing metal nanoparticles through encapsulation within a porous shell
In the physical approach, encapsulating metal nanoparticle with a porous shell to prevent the direct contact from each other is one of the major strategies [110] [111] [112] [113] [114] . Figure 6b shows the typical TEM image of a model catalysts, in which Pt nanoparticles with size around 2-3 nm were supported on the surface of ~100 nm silica beads. After calcined at 1075 K, only several large crystalline particles with size ~10-20 nm can be observed (Fig. 6c) , confirming the occurrence of a serious sintering process. When the SiO 2 /Pt composite was coated with a thin layer of silica, great improvement in thermal stability has been achieved. As shown in Fig. 6d Adapted with permission from ref. [125] .
no obvious particle size increase can be observed after being treated at 1075 K, implying successful suppressing of sintering. Although the encapsulation of metal nanoparticles within oxide shells could significantly suppress the sintering, dense coating will block the accessibility of the active sites and make them useless. It is thus desirable to have a porous shell coating rather than a dense one. We have developed a new concept, called "surface-protected etching", to precisely convert dense oxide shell to porous shell and explored their potential applications in catalysis [66, [115] [116] [117] [118] [119] [120] [121] [122] [123] [124] . In a typical surface-protected etching process, solid oxide shells were first protected by a layer of polymeric ligands, followed by a preferential etching of material from the interior of the oxide shells. Due to the protection of polymeric ligands, the original size of the oxide shell could be well maintained, while the selective etching at the interior produces porous or even hollow structures. To transfer dense silica shells to porous ones, we used PVP as the polymeric ligand and NaOH as the etchant. By varying the etching time, the porosity of silica shell could be readily tuned, resulting in well-controlled catalytic activity. The hydrogenation of cis-2-butene using Pt nanoparticles as the catalyst has been used as the model reaction, as shown in Fig. 7 . When SiO 2 /Pt/SiO 2 composites without etching were used as the catalyst, a slow reaction rate, indicated by the slope of the traces at time zero, has been observed, which can be attributed to the microporous nature of sol-gel obtained silica shell. The reaction rate can be significantly higher when the samples were treated with a surface-protected etching process (by a factor of almost an order of magnitude).
Design and synthesis of functional composites for catalysis
A grand challenge facing the research community in the area of solar energy harvesting is to develop materials capable of transforming solar photons efficiently into chemical or electrical work [127, 128] . As one of the most widely studied photocatalysts, titanium dioxide (TiO 2 ) has attracted much attention. It has been realized that higher photocatalytic activity can be achieved by improving many aspects of TiO 2 , including crystal phase, specific surface area, surface properties, and crystallinity [129] [130] [131] . Recently, Sanz and co-workers Time (min) Fig. 7 Illustration of the use of the surface-protected etching procedure to regain the activity of encapsulated catalysts. The kinetics of hydrogenation of cis-2-butene, in the form of the accumulation of the butane product in the batch reactor as a function of reaction time, is reported for three catalysts, namely, for 10-nm-mesoporous-silica/1-wt%-Pt/silica-bead catalysts as prepared (bottom TEM, blue) and after 40 (center TEM, green) and 60 (top TEM, red) min of etching [66] . Pt re-exposure and full catalytic activity are regained upon the 60 min etching treatment. Adapted with permission from ref. [66] .
have theoretically predicted that Au pre-adsorption on TiO 2 surfaces can significantly stabilize implanted N, increase the reachable amount of N loading in the oxide, and enhance Au-surface adhesion energy due to an electron transfer from the Au 6s orbitals to the partially occupied N 2p orbitals [132] . However, the thermal stability of Au nanoparticles during the nitrogen doping process has been a concern in making the predicted structure.
We have designed and synthesized a sandwich structure that comprises a SiO 2 core, a layer of Au nanoparticles, and a TiO 2 shell (Fig. 8a,b) , to solve the problem [126] . Non-metal doping, including N and C, is achieved by introducing 3-aminopropyl-triethoxysilane, which originally acts as the ligands to enhance the adhesion of Au nanoparticles to support surface but later upon decomposition serves as N and C source for doping. Au nanoparticles are sandwiched between the SiO 2 core and TiO 2 shell. Compared to the traditional Au/TiO 2 composites, in which Au nanoparticles are usually decorated on the surface of TiO 2 such that they are unstable during high-temperature calcination and application, the as-obtained sandwich structures have several intrinsic advantages. First, Au nanoparticles are embedded inside the TiO 2 matrix, which protects them from moving and forming aggregations, making them more stable, as evidenced by the remained particle size of Au nanoparticles (Fig. 8c) . Second, the encapsulation increases the contact area between Au nanoparticles and TiO 2 matrix and therefore allows more efficient electron transfer than the previous anchored cases. The unique sandwich-structure also offers the small and tunable crystal grains of titania nanoparticles (~8-15 nm) in the outer shell and the synergetic effect of the interfacial non-metal doping and plasmonic metal decoration, which are all believed to be beneficial to the photocatalytic efficiency. Additionally, the large Au/TiO 2 interface makes it possible to achieve high catalytic performance with only a small loading amount of Au (~0.1 %), thus dramatically cutting down the cost and making the catalysts practically useful in practical applications. The expected sandwich structure has been clearly confirmed by the energy-dispersive X-ray elemental mapping characterization, as shown in Fig. 8c . The as-prepared composites show outstanding catalytic activity under direct sunlight. As shown in Fig. 9 , the sandwich structure can completely decompose RhB molecules within 40 min, while a commercial P25 photocatalyst can decompose only ~38 % and a commercial anatase powder can remove only ~27 %. 
Conclusion and outlook
Since the establishment of the first industrialized catalytic process in 1913, catalysis has been of critical importance to the modern society. The development of nanotechnology over the past two decades has provided some great opportunities to the catalysis research community. This review article highlights some of our efforts in nanomaterials engineering and their application in catalysis. By using Ag nanoplates as the model system, we figured out the key component for making such an anisotropic structure. On the basis of improved understanding, we are able to develop a reliable method to make uniform Ag nanoplates with controllable size and shape. Both chemical and physical approaches have been developed to stabilize metal nanoparticles. And a highly visible-light-active photocatalyst has been designed and synthesized by utilizing our improved knowledge in both synthesis and stabilization of nanomaterials. Although impressive progress has been achieved, many challenges still remain. For example, in the synthesis of nanomaterials, more mechanistic studies should be conducted to reveal the underlying mechanisms and establish some general understanding that works for many different systems. With the advanced nanotechnology, people should be able to design nanocatalysts with computer-based software and then produce them quickly and reliably. To achieve industrial applications, we should be able to obtain nanocatalysts with desired morphology as well as desired properties, such as high activity and high selectivity, in large-volume production and in a low-cost manner. Anisotropic nanomaterials, e.g., Ag nanoplates, have shown great potential in catalytic applications due to the structure-related properties. However, they have been suffering from both shape and size change during the catalytic process, resulting in the loss of catalytic activity. More effort should be devoted to developing new strategies to enhance their stabilities. Additionally, future research in this field should pay more attention to the interfacial interactions and the possible synergistic effect among different components. Fig. 9 Photodegradation of RhB without catalyst and with commercial anatase TiO 2 , commercial P25, and SiO 2 @Au@TiO 2 (Au loading amount is 0.1 wt %) as the photocatalysts under direct sunlight illumination. All conversions are referred to the same total weight of TiO 2 catalyst. Adapted with permission from ref. [126] .
